As part of an effort to dissect quantitative trait locus effects to the nucleotide level, association was assessed between 238 single-nucleotide and 20 indel polymorphisms spread over 11 kb of the Drosophila melanogaster Egfr locus and nine relative warp measures of wing shape. One SNP in a conserved potential regulatory site for a GAGA factor in the promoter of alternate first exon 2 approaches conservative experimentwise significance (P Ͻ 0.00003) in the sample of 207 lines for association with the location of the crossveins in the central region of the wing. Several other sites indicate marginal association with one or more other aspects of shape. No strong effects of sex or population of origin were detected with measures of shape, but two different sites were strongly associated with overall wing size in interaction with these fixed factors. Whole-gene sequencing in very large samples, rather than selective genotyping, would appear to be the only strategy likely to be successful for detecting subtle associations in species with high polymorphism and little haplotype structure. However, these features severely limit the ability of linkage disequilibrium mapping in Drosophila to resolve quantitative effects to single nucleotides.
T HREE of the major challenges in efforts to dissect the use of geometric morphometric techniques for description of orthogonal components of variation, as complex traits to the nucleotide level relate to disthese capture the major components of variation and entangling of population stratification, linkage disequiare independent of observer bias (Bookstein 1991 ; librium, and the correlated effects of underlying genetic Rohlf 1996; Dryden and Mardia 1998). Relative warp mechanisms. To date, association of morphological with analysis (Rohlf 1993 ) of the shapes of intervein regions genotypic variation has been investigated largely in reladefined by landmarks at the junctions between veins tion to simple traits, namely those that are measured and the wing margin shows that shape is stable to size by a single unambiguous descriptor, such as enzyme and environmental variation (Birdsall et al. 2000) . This activity, bristle number, or longevity (Laurie et al. 1991;  observation suggests that the placement and length of Lai et al. 1994; Long et al. 1998 Long et al. , 2000 Lyman and the veins is a major determinant of shape and hence Mackay 1998; Robin et al. 2002; de Luca et al. 2003) .
that genes affecting venation are candidate modifiers Compound traits are those for which the whole is assemof wing shape. bled from multiple parts whose individual contributions Consistent with this hypothesis, EGF Receptor has been are not straightforward to identify, such as shape or implicated as a candidate gene for wing shape by two psychological disease (Atchley and Hall 1991; Per- quantitative approaches. Quantitative trait locus (QTL) alta et al. 1997; Shastry 1999) . They present novel mapping in two different crosses segregating variation challenges for association mapping.
affecting different regions of the wing identified Ͼ30 The shape of the Drosophila melanogaster wing is an significant QTL intervals, and although resolution of example of a complex morphological trait that has this approach was too low to implicate individual genes, proven difficult to describe (Whitlock and Fowler a significant excess of peaks was found in the vicinity 1999; Gilchrist et al. 2000 ; Klingenberg and Zaklan of loci involved in epidermal growth factor receptor 2000). No matter how it is measured, it has consistently (EGFR) signaling . One of these been shown to have high heritability due to a large peaks covered the Egfr locus itself, and follow-up quantinumber of genetic factors of small effect (Weber et al. tative complementation mapping was consistent with 1999 . We have advocated the possible contribution of segregating variation in the locus to wing shape variation . A large deletion, Df(2R) , that also elimi-firmed for a second individual in a subset, but there may be Egfr f 2 specifically failed to quantitatively complement some genetic variation segregating at Egfr in some lines, and shape specification in the central and anterior wing.
in general heterozygosity remains up to 10% throughout the These results encouraged us to initiate a large associagenome of the NC lines in particular, as these were less inbred.
tion study designed first to confirm that variation in Egfr All lines were maintained on 12-hr light-dark cycle in vials with 10 ml cornmeal medium supplemented with yeast.
modifies wing shape and second to attempt to describe 
be sex biased, so both sexes were also included in the 
where all terms are fixed except for the line. Note that line is fit to control for the pseudo-replication due to measurement in two sexes, and while it is nested within population and genotype, this nesting does not affect the estimates of interest and so was not included here. Failure to include line results in dramatic inflation of P-values due to pseudo-replication of the sexes, as monitored by permutation of the lines within sex and population (analysis not shown). Inclusion of the population interaction terms controls for possible effect of population structure. Adjustment for multiple comparisons was performed using the standard Bonferroni correction by dividing the testwise ␣ Figure 1 .-Aspects of wing-shape variation captured by the of 0.05 by the number of tests (2142 ϭ 238 SNPs and nine 18 relative warp measures. Each outline shows a reconstituted traits per analysis) to give the experimentwise threshold of wing outline from the average of the landmarks of the five 0.000023 (the negative logarithm of which is 4.6). However, lines with the most extreme values of the particular relative since linkage disequilibrium is typically significant between warp. The nine plots at the top show the IVR traits in the up to five adjacent sites, this threshold is almost certainly too anterior, central, and posterior regions of the wing, while conservative, and a fourfold less stringent threshold of 0.0001 those at the bottom show the whole-wing traits. (neglogp ϭ 4.0) is also considered. Since it is unlikely that the statistical measures of shape capture axes of variation that are directly affected by Egfr, finding associations with correwing margin. The x-y coordinates of each landmark were lated warps from two different modes of analysis might be considered as corroborative evidence that a SNP affects some captured from single wings of 30 flies of each sex of the aspect of shape that is only partially captured by the two warps.
nearly isogenic lines and subjected to Procrustes
That is, correlated trait measures may exhibit "morphologsuperimposition, which reduces size differences and roical disequilibrium" with one another in the same sense that tates shapes to optimize their alignment (Rohlf 1996) .
physically adjacent SNPs are in linkage disequilibrium (LD) Shape variance was reduced to its major components with one another. However, since the two sets of relative warps combined capture most of the wing-shape variation, by two modes of relative warp analysis, one dividing the they are not independent. This is confirmed by the observawing into three intervein regions (IVRs B, C, and D) tion that summation of the logarithms of the P-values of each corresponding to anterior, central, and posterior reset of nine warps results in very similar "multitrait" association gions, respectively, and the other treating the whole plots that will be described elsewhere. In our judgment, this wing as a single shape. The advantages of the former nonindependence justifies separate statistical analysis of the two types of shape measure and correction for 9 traits rather are that the warps explain more of the variance and are than 18. more robust than the whole-shape warps, are easier to PVE, percentage of variance explained; F pop , F-ratio for effect of population on warp score with associated significance (*0.01 Ͻ P Ͻ 0.05; **0.0001 Ͻ P Ͻ 0.001); Est and SE, estimate of difference between and standard error of population means; r, correlation between data set for associations and the larger data set; h 2 , heritability averages across sexes and populations. strongly for W1-W3 and more weakly for W4-W7, but the data set. The penultimate column in Table 1 indicates that all warps are very highly correlated between we also include W8 and W9 because they both show high heritability, W8 captures some of the variation seen the full data set consisting of 12,530 wings and one about half this size consisting of just 70% of the North by B3, and W9 shows an unexpected pattern of association with nucleotide polymorphism. The stronger warps Carolinian sample. This suggests both that the main axes of variation are shared between the populations W1-W4 capture broad aspects of wing shape relating to length and width, whereas W5, W6, W7, and W9
and that the warp measures are not overly sensitive to sample size. All warps also have relatively high heritabilappear to be most influenced by local aspects of shape relating to placement of the crossveins and L5.
ity, as shown in the final column of Table 1 . Heritability was consistently several percent lower in the North CaroFor the purposes of association mapping, it is preferable that the shape measures be both uncorrelated and linian than in the Californian sample, possibly reflecting more complete inbreeding in the latter sample of lines. robust. As expected, none of the whole-wing warps are significantly correlated with one another (Table 2) . Some Furthermore, good congruence with r Ͼ 0.95 for all warps was observed when the data set was tripled by correlation between IVR warps is expected because adjacent IVRs share veins and landmarks, but only three the addition of three more data sets to be described elsewhere, including a Kenyan sample, a set of crosses significant similarities were detected at both the phenotypic and genotypic levels: B2 with D1 and D2, and B3 among lines, and testcrosses to 15 heterozygous wing mutants. It is noteworthy that two gain-and loss-of-funcwith D2. Since IVR-B and IVR-D do not share landmarks, this observation provides evidence for morphological tion alleles of Egfr had opposite overall effects on several measures of wing shape and that the IVR measures were integration across the wing (Klingenberg and Zaklan 2000), but it should be noted that the effect is weak more sensitive to perturbation by mutants (Palsson 2003) . Loss of Drosophila EGF receptor (DER) activity and most of the variation is IVR specific. Whole-wing and IVR warps clearly capture some of the same underlying tends to reduce the width of the wing and lessen the spacing between the crossveins. genetic factors, since a complex correlation matrix is indicated between the two modes in Table 2 . Overall, Association between Egfr alleles and wing shape: Association between allelic variation in Egfr and each meawe regard the IVR warps as better descriptors of shape, but both modes are considered side by side as a check sure of wing shape was assessed by mixed-model analysis of variance with genotype, sex, and population as fixed for the internal consistency of the association studies as outlined in materials and methods.
effects and line as a random effect, for each of 238 SNPs for which both biallelic sites had a frequency of at least The robustness of the relative warp measures was confirmed by examining the effect of altering the size of 5% in the sample of 207 lines. Table 3 lists the strongest association observed for each of the 18 warps as well as tions have not been detected. Two hints that this may be the case are suggested by careful examination of the total area of the wing, and Figure 2 plots significance of the genotype effect against location in the gene for Table 3 . First, three sites show the strongest association with traits in both modes of analysis. Site 39389 mentraits C1, D1, W1, and W9. At least one SNP would be expected to associate by chance with each trait with a tioned above has the strongest association with W4, the whole-wing trait most closely correlated to warp D1. P-value of 0.004 or lower, but even that level of stringency is not met by 5 of the IVR warps and 2 of the Similarly, site 30505 gives the strongest association with D2, but in this case while W7 is correlated with D2, it whole-wing warps, indicating that Egfr does not dramatically affect wing shape in a global manner. Treating is more strongly predictive of D3 yet site 30505 is only very weakly associated with D3 (P ϭ 0.042). Site 40110 each mode of analysis separately, 2142 SNP tests were performed, so a stringent significance threshold of 2.3 ϫ is not formally significant for any trait, but it provides the strongest test statistic for both W2 and C3, even 10 Ϫ5 would provide experiment-wide confidence in any particular association. For shape, this condition was although these two traits are uncorrelated. Moreover, site 40119, another silent substitution just 9 bases away in most met by just a single site, 30200, that lies in the promoter 5Ј to the alternate first exon 2 and affects exon 6 and in quite strong linkage disequilibrium with site 40110, shows the best association with B2. Second, trait C1. Notably this site was scored in only half of the lines due to difficulties in amplifying DNA from the three of the other traits associate most strongly with relatively rare alleles: D3 with a promoter allele near region, and it disrupts an unusual highly conserved GAGA factor binding motif (Palsson et al. 2004) .
alternate exon 1 at a frequency of 0.12 in a sample of just 140 chromosomes, W1 with a silent substitution in Applying a less conservative correction that accounts for the nonindependence of tests with adjacent sites exon 4 at a frequency of 0.14, and W6 with a site in the conserved portion of intron 2 at a frequency of 0.06 requires that P Ͻ 0.0001 (Figure 2 , dashed line) and suggests marginally significant associations with two furthat actually shows the largest standardized effect of any of the SNPs. Further work will be required to confirm ther sites, 39389, a silent substitution in exon 4 that may affect D1, and 30505, which is just 13 bases in front of the significance of any of these SNPs, but taken as a whole there is good evidence that one or a few sites in the translation start site of exon 2 and may affect W7.
Each of these associations would explain in excess of the Egfr locus impact wing shape. Supplementary Table  3 (http:/ /statgen.ncsu.edu/ggibson/SupplInfo/Suppl 5% of the genetic variance in the relevant aspects of wing shape, notwithstanding Beavis effects. The study Info7.htm) lists the site that has the strongest magnitude of effect for each trait, and all but one of these are design does not have good power to detect effects of this magnitude, so it is possible that other true associarelatively rare alleles, many of which lie within intron 2. Among the replacement substitutions segregating in shown). Since size is much more susceptible to environmental variation than is shape, this association is much the population, only site 6065 (Ser17Ile in exon 1) shows any putative significance. It is associated with D1 less likely than the shape associations to be robust and indeed fails to replicate in preliminary follow-up crosses at P ϭ 0.0022 and the correlated trait W3 at P ϭ 0.0102, as well as with W9 at P ϭ 0.0070. Intriguingly, this site (our unpublished data; Palsson 2003). For the shape measures, similarity between the sexes occurs despite also showed a strong interaction with the ability to enhance the dominant gain-of-function Egfr Ellipse phenotype the fact that several traits show overall sex effects, but also reflects the contribution of shared genetic backin photoreceptor determination. Most of the other replacement polymorphisms are rare, and molecular popgrounds within lines to the correlation between sexes. Population effects are likely to be due to a combination ulation genetic analysis suggests that the protein, with the exception of exon 1, experiences strong purifying of sampling biases, overall differences between populations due to genetic factors other than those at Egfr, selection (Palsson et al. 2004, this issue) . As a class, these sites are marginally significant for association with and population-by-genotype interactions at each SNP. Due to the enormous number of contrasts involved traits B2/W3 and W9 (P ‫ف‬ 0.03) and hence with the location of the anterior crossvein.
in the full models for 238 SNPs and 18 traits, it is almost impossible to disentangle these factors across the experiSex and population dependence of associations: Aside from the main effect of genotype, another way to evalument. The ANOVAs in Table 4 indicate the absence of interaction effects for the sites that show the strongest ate the significance of associations is to assess their robustness across sexes and populations. Although no sigoverall genotype effects. The strongest populationby-genotype interactions were actually observed for sites nificant association was observed between Egfr and wing size, the plots in Figure 3 suggest that there may be 40344 and 42788 with D2 (P ϭ 0.00067 and 0.00078) and 42383 with C1 (P ϭ 0.00087), but this level of effect a significant interaction between genotype and sex or population in relation to the total area of the wing.
is expected by chance. No associations at the P Ͻ 0.001 level were seen for the sex-by-genotype interaction, These effects are the most formally significant in the entire analysis, but the effects of sex, population, and while two closely linked sites in exon 3 showed suggestive associations with B2 (site 37878, P ϭ 0.00064) and C2 sex-by-population interaction regardless of genotype were much larger for size than for shape, and permuta-(site 37959, P ϭ 0.00085) for the three-way genotypeby-sex-by-population interaction. tions of the data result in associations at this level more often than would be expected by chance (data not Locus-wide and haplotype associations: An alternative approach to association mapping that does not attempt Suggestive SNP associations with disease susceptibility are now routinely followed by haplotype tests (e.g., to identify the discrete sites that may cause a phenotype difference is to ask whether more sites than expected Mohamed et al. 2003; North et al. 2003; Zhang et al. 2003) . The rationale for this is that where genotyping by chance are significant at a prechosen threshold (Lai et al. 1994) . Two whole-wing warps have a great excess is incomplete, a cluster of linked sites are more likely to capture the variation associated with the true but of sites significant at the 0.05 level as shown in Figure  2 : W1 and W9. However, the variance of this statistic is untyped causal SNP. In some cases, the haplotype might also sum weak effects of two or more sites to give a greatly inflated by even small levels of linkage disequilibrium such as those detected in Egfr. Whereas if 238 larger overall effect, particularly if epistatic interactions are present (de Luca et al. 2003) . There are too many genotypes are randomly generated independent of one another, the number of sites significant at the 0.05 level sites and traits to test systematically for haplotype effects here, but no significant epistatic interactions were dealmost always lies between 8 and 16, with the Egfr data this number ranges up to 21 for more than a quarter tected between the three most significant sites and the next two most significant sites for their respective traits. of the traits, while W1 and W9 show 30 and 39 significant sites, respectively. However, values up to 30 are seen in However, one intriguing result is that linkage disequilibrium exists between sites that have the strongest asso-20% of permutations of the Egfr genotype and phenotype matrices, holding sexes within lines and lines within ciation with D1, namely 39389, 40110, and 6065 (all of which were mentioned in relation to other traits as well). populations constant. The reason is that if a chance strong association happens to fall in a haplotype block Although the former two sites are within 1 kb of one another, they show considerably less LD with 12 comthen several SNPs will exceed the low threshold, as appears to be the case for W9 where most of the weak mon polymorphisms between them. Site 6065 is Ͼ35 kb distant, and the LD is only weakly significant since associations fall in a large block of LD near exon 3. Consequently, even these extreme test values provide the more rare T allele has a frequency of only 0.1. Nevertheless, in each case the pairwise linkage disequionly weak evidence for a contribution of Egfr to wing shape.
libria result in an excess of alleles with extreme values for warp D1. Differences in D1 score are highly signifithis issue). Nevertheless, no blazing signal of comprehensive association with multiple aspects of wing shape cant for both the two-site and three-site haplotypes (P Ͻ 0.000002 and P ϭ 0.00002, respectively), and the effects was detected, and the conclusion must be that any contributions of the sequenced portion of Egfr to the trait of each SNP are nearly additive such that the two most extreme haplotypes differ by more than a full standard are subtle and likely to be due to multiple polymorphisms of weak effect within the gene. deviation unit of the line means for the trait.
The strongest evidence for association comes from a T-to-C substitution at a frequency of 0.26 in a putative DISCUSSION regulatory element 341 bp upstream of the start codon of the second alternate first exon. As shown in Figure  Does polymorphism in the Egfr locus affect wing 4, this element consists of two runs of Ͼ12 CN repeats shape? This study represents the largest investigation of in a 100-bp sequence fragment that is highly conserved genotype-phenotype association yet reported in a model in D. pseudoobscura, which diverged from D. melanogaster organism, in terms of the combination of depth of se-45 million years ago (Powell 1996) , and a similar motif quence coverage, sample size of chromosomes, and inin the bithoraxoid region is known to be required for clusion of two populations. Developmental genetic arguregulation of transcription by a GAGA factor (Hodgson ments (Biehs et al. 1998 decreases the spacing between the anterior and poste-1999; Wang et al. 2000; Crozatier et al. 2002 ; Zecca rior crossveins, consistent with slight loss of function of and Struhl 2002), QTL mapping, and deficiency com-EGFR signaling. It was detected predominantly in the plementation tests all implicate Egfr as an excellent canNorth Carolina sample, owing to incomplete sequencdidate locus for modification of wing shape in Drosophing of the fragment in the California sample, but the ila .
polymorphism is at a similar frequency in a set of 30 Molecular population genetic analysis demonstrates Kenyan alleles and so has been maintained in the species that purifying selection is quite strong throughout the for some time. Three other putative associations were locus, but variable haplotype structure in particular detected with polymorphisms flanking the two first exshort regions of the gene is consistent with the operation of weak positive selection as well (Palsson et al. 2004, ons, all with aspects of shape in the posterior intervein There are a variety of mechanisms by which wing affect protein levels (Carlini and Stephan 2003), but it might also affect the fidelity of amino acid incorporashape could affect fitness and by which synonymous polymorphisms could affect wing shape. Placement of tion. In a parallel study of association between Egfr polymorphism and eye development, we found strong evithe wing veins is thought to impart rigidity to the wing, which is important for aerodynamic performance dence for an effect of a cluster of synonymous sites in exon 6 on photoreceptor determination (Dworkin et (Dickenson et al. 1999; Dudley 2000) and might also affect other wing functions such as the mating dance. al. 2003) . These sites are not implicated in wing shape here (and nor do the putative wing sites affect the eye), Wing size and shape clines are well documented in Drosophila (Imasheva et al. 1995; Gilchrist and Par- which may indicate some tissue specificity to codon usage effects or could be attributed to low statistical power. tridge 1999; Huey et al. 2000) and appear to be under strong selection, and while shape is quite stable to size Experimental design issues: Our experimental design differs from similar published work with Drosophila in variation, subtle variation in venation might interact with size to affect performance. Intriguingly, the first three major features: the type of inbreeding, inclusion of two populations, and comprehensive nature of the two relative warps for IVR-C are significantly correlated genotyping. The major attraction of Drosophila for five sites long, and polymorphism is so high, that linkage disequilibrium mapping is generally unlikely to detect these experiments is the ability to manipulate the genetics (Mackay 2001) , principally through inbreeding that weak associations. The disadvantage is that the multiplecomparison problem becomes severe, but the complexallows multiple measurements to be made per genotype and thereby reduces the environmental error. Mackay ity of wing shape and length of the locus already assures statistical uncertainty. Our approach is validated by two and co-workers have demonstrated the gains to be had by taking this a step further, by substituting whole chroconsiderations. Most importantly, neither of the two formally significant sites would have been scored if we mosomes into a common background, so that the contribution of the candidate gene need be a significant prohad chosen sites to genotype on the basis of their frequency in a small sample, and similarly several of the portion of only one-third of the genetic variation (Long et al. 1998; Robin et al. 2002) . Unfortunately, in a pilot other weaker, not formally significant, associations were detected with relatively rare alleles. Moreover, if the experiment we encountered several drawbacks to this approach. Sequencing detected an appreciable level of hypothetical experiment of assessing only the 33 most common polymorphisms spaced by at least 100-bp interprobable gene conversion between the wild-type alleles at Egfr and the balancer chromosome, approaching vals is performed, no meaningful associations are detected: only the expected 15 of 297 contrasts are signifi-10%. Since most natural chromosomes harbor lethals, an unbiased approach is to retain them over the balcant at P ϭ 0.05 for the IVR warps, and the strongest association is 0.007, well short of the 0.0001 cutoff for ancer and take measurements in a heterozygous crossbut this strategy surrenders any gain in power if site nine warps or even for just the three strongest warps. We conclude that even though linkage-disequilibrium effects are recessive. Chromosome extraction is also laborious, expensive, and error prone, and while it would mapping has produced significant results in other studies in flies Long et al. 2000) , success be useful for the community to develop a large panel of such lines (Gibson and Mackay 2002) , in the mean is far from guaranteed. The genetic architecture of QTL: A more critical intime simple inbreeding to homogenize whole genomes is a viable alternative that also ensures that site effects terpretation of this study would call into question the reality of the identified quantitative trait nucleotide are averaged over the effects of other modifiers.
Population stratification is likely to be a concern only (QTN) effects and, even if they are real, their relevance to evolutionary biology. The experimentwise adjustwhere two populations differ for the trait or for the frequency of a particular allele (Pritchard and Rosenment for multiple comparisons is appropriate for testing the hypothesis that variation in the candidate gene afberg 1999). The NC and CA populations do show different phenotype distributions (Palsson 2003) , presumfects the trait, but actually builds on the prior assumption that the gene is more likely than other genes to ably due to undocumented genetic differences. Since more marginally significant genotype-by-population inmake a quantitative contribution. There are almost certainly Ͼ2 million common SNPs in the fly genome on teractions than genotype-by-sex interactions were detected in our study, despite the fact that sex has at the basis of observed nucleotide diversity, so 200 associations with each trait are expected genome-wide at the least a 10 times larger fixed effect than population, interactions between Egfr polymorphisms and the ge-0.0001 level by chance (and 20 at the 0.00001 level, even though none were observed in Egfr). In a sample netic background may affect the association studies. However, only a handful of sites differ in frequency of 200 chromosomes, each of these 200 prima facie significant associations would appear to explain Ͼ5% of between NC and CA (Palsson et al. 2004, this issue) , and none of these showed significant contributions to the genetic variation. So, in a complete genome scan the ratio of false positives to true positives will be at any trait. A more pressing concern is whether each of the two main populations are themselves produced by least 10 to 1 and false positives are expected one in every 75 genes per trait (or one in every 10 genes for admixture between local populations, perhaps including inversion polymorphism types. Even if only a few any of the wing-shape traits). Had we sampled one of the other loci in Df(2R)Pu-D17 in the vicinity of the Egfr percent of all SNPs differ in frequency between populations, the total amount of genetic differentiation could QTL peak and observed a similar association, we would be less likely to believe that the result represented a be of the same order of magnitude as that observed in humans, for example. It thus seems prudent to include true association. Even though our two most significant associations are among the strongest yet reported in population as a factor in Drosophila quantitative genetics, at least in the initial phase of a study restricting the Drosophila, the results must be regarded as suggestive only. Experimental verification is unlikely to have suffisurvey to two or three localities.
The most important difference in our study is the cient resolution to detect such a small effect, so further replication is required to confirm the result. decision to completely sequence all of the alleles, rather than to genotype just the most common SNPs identified
The even more pertinent question is whether detection of one or two major-effect QTNs addresses the in 12 sequences. This decision was made because haplotype blocks are so short in Drosophila, rarely more than fundamental issue of whether genetic variation is pre-
